The arsenic resistance operon from Staphylococcus aureus plasmid p1258 was cloned and sequenced. The DNA sequence contains three genes in the order arsR, arsB, and arsC. The predicted amino acid sequences of the gene products are homologous with those of the products of the ars operons of plasmids pSX267 from Staphylococcus xylosus and R773 from Escherichia cofi. The cloned staphylococcal ars operon confers resistances to arsenate, arsenite, and antimonite in S. aureus and BaciUus subtiis. The same operon was also expressed in E. coli and conferred resistance to arsenite but less resistance to arsenate and antimonite. Regulation of the p1258 ars operon was studied by using a translational arsB-blaZ fusion in S. aureus and a transcriptional arsB-luxAB fusion in E. coli. The ars operon was induced by arsenate [As(V)J, arsenite [As(III)J, and antimonite [Sb(III)], to which the strains were resistant, plus Bi(IHI) in S. aureus. Only arsenate and arsenite induced the operon in E. coli. Northern (RNA) blot DNA-RNA hybridization analysis showed inducible synthesis of a fuill-length ars mRNA, about 2.1 kb in size, both in S. aureus and in E. coli. S. aureus ars proteins were expressed in E. coli from the T7 phage promoter under the control of the T7 RNA polymerase. Primer extension (reverse transcriptase) analysis showed that the ars mRNA started at the same position (nucleotides 17 and 18 upstream from the arsR ATG) both in S. aureus and in E. coli. An internal deletion mutation in arsB resulted in decreased resistance to arsenate and total loss of arsenite and antimonite resistances. Partial deletion of 56 bp from the 3' end of the arsC gene resulted in loss of resistance to arsenate; the determinant retained arsenite and antimonite resistances.
by the lysostaphin-generated protoplast method (21) or by electroporation Expression of ars gene products in E. the T7 promoter. The expression procedure that of Tabor and Richardson (38) . deletion variants lacking either arsB or arsC or both was cloned into the T7 promoter-containing vector pT7-5 or pT7-6 (see constructions detailed below) and transformed into E. coli K38 harboring the T7 RNA polymerase gene under the control of the temperature-sensitive lambda phage repressor on plasmid pGP1-2 (38) . Cells f,-Lactamase assays. The j-lactamase activity of S. aureus RN4220 carrying the arsB-blaZ translational fusion plasmid was measured by the nitrocefin method as described before (41, 44 (32, 33) showed inducibility of all three resistances with the intact p1258 plasmid.
Nucleotide sequence of the ars operon. The DNA sequence of the cloned 2.7-kb Sall fragment from pGJ101 was determined (Fig. 3) . Computer analysis of the sequence found VOL. 174, 1992 on November 7, 2017 by guest
Sa L I FIG. 3. DNA sequence of the 2,700-bp ars determinant of S. aureus plasmid p1258 and adjacent DNA region. Only the DNA strand corresponding to the mRNA sequence is shown. The predicted amino acid sequences of encoded polypeptides are shown in the single-letter code. The sequence starts with the 3' end of a resolvase ORF, followed by arsR, arsB, and arsC in that order, followed by the 3' terminus of the recombinase bin3 ORF (in opposite orientation to the ars genes). Potential ribosome-binding sites (RBS), -10 and -35 of the promoter, stop codons (sr), and an inverted repeat (IR) sequence are indicated. At the beginning and the end of the ars operon, two partially sequenced genes, whose products are highly homologous with recombinases, are also shown. The one at the 3' end is identical to bin3 of staphylococcal plasmid p19789 (27) .
three intact significant open reading frames (ORFs) and two R773 [1, 30] ). The three genes are closely homologous with partial ORFs (Fig. 3) . The ars operon of p1258 appears to those identified by Rosenstein et al. (26) for S. xylosus consist of three genes (Fig. 3) , arsR, arsB, and arsC (which plasmid pSX267 (see Discussion). The stop codon of the were recognized by homologies between their predicted arsR gene of plasmid p1258 overlaps the arsB gene by a amino acid translation products and those of E. coli plasmid single nucleotide (Fig. 3 , position 587), whereas in E. coli J. BACTERIOL. plasmid R773, arsR and arsB are separated by the arsA gene (Fig. 1) . Each of the three ars genes is preceded by a potential ribosome-binding site (Fig. 3) . The arsR gene is preceded by potential transcriptional start signals (as will be shown below) and by an inverted repeat of 6 bp, which is a candidate for a transcriptional regulatory site (Fig. 3) . Both upstream (nt 1 through 183) and downstream (nt 2475 to 2700) of the three ars genes are two partial ORFs (oriented in opposite directions), whose predicted gene products are homologous to the recombinase class of proteins (see reference 6 for literature on recombinases). The upstream recombinase had not been identified previously, while the downstream partial recombinase ORF is identical to the corrected bin3 sequence reported earlier (3, 27) . A perfect 14-bp inverted repeat (Fig. 3) followed by a T-rich region that is a candidate for a transcription termination site was noted between arsC and bin3. Deletions and expression of ars genes. To determine the functions of the three ars genes, a series of deletion mutations (missing arsB, arsC, or both) were constructed in the staphylococcal vector plasmid pSK265 (Fig. 4A) . The internal deletion in arsB in plasmid pGJ105 led to reduced arsenate resistance (Fig. 4B) . The deletion of arsC (alone or with arsB also deleted) led to a complete loss of arsenate resistance. Quite in contrast, the deletion of arsC alone was without effect on arsenite (Fig. 4C) or antimony (Fig. 4D) resistance. The deletion of arsB (either alone or together with arsC) resulted in total loss of arsenite and antimony resistances. These results with S. aureus are comparable to earlier findings of the effects of ars deletions in E. coli plasmid R773 (1) .
The three staphylococcal ars proteins were identified in E. coli after cloning into an expression vector and using a T7 expression system (Fig. 5) three polypeptides were identified (Fig. 5, lane 2) with apparent molecular masses as predicted for ArsR and ArsC and slightly less than predicted for ArsB, as is frequently the case for membrane proteins (e.g., reference 26). With plasmid pGJ403 (with arsB partially deleted and arsC totally deleted), the ArsC polypeptide was missing and the polypeptide attributed to ArsB was reduced in size (Fig. 5, lane 4) . Similarly, the partial deletion of arsC resulted in a smaller ArsC polypeptide but had no effect on the electrophoretic positions of the presumed ArsR and ArsB proteins (Fig. 5,  lane 5) . Additional smaller bands that may be degradation products of ArsB or the results of incorrect start or stop points are seen in Fig. 5 , lanes 2 and 5. That these appear to be related to ArsB is indicated by their altered position in relation to that of the partial ArsB deletion (Fig. 5, lane 4) .
Regulation of pI258 ars operon expression was further studied in fusion constructs between arsB and either blaZ (in S. aureus) or luxAB (in E. coli) (Fig. 6) . The pI258-derived 1,085-nt SalI-PstI fragment containing the intact arsR and the first 499 nt of arsB was used to construct a translational fusion producing a fusion polypeptide with 3-lactamase in S. aureus. A 774-nt DNA fragment containing the intact arsR and the first 188 nt of arsB was used to construct a transcriptional fusion to luciferase and expressed in E. coli. In S. aureus, all three oxyanions for which resistance is known were also inducers for the synthesis of ArsB-1-lactamase fusion protein (Fig. 6A ). In addition, Bi3+ was a strong inducer, as had been shown earlier (32, 33) , for the intact plasmid p1258, but the divalent cation Mn2" did not induce resistance. Surprisingly, with the arsB-luxAB fusion in E. coli, only arsenate and arsenite functioned as inducers (Fig.  6B) . We do not currently know the basis for this difference. Sb(III) and Bi(III) were strong inducers of the E. coli R773 ars system (12, 32, 33) .
Transcript mapping. Arsenite-induced expression from the ars promoter was also shown with direct Northern blot RNA-DNA hybridization analysis of ars mRNA transcript synthesis (Fig. 7) . Both in S. aureus (Fig. 7A) and in E. coli ( Fig. 7B) , the same 2.1-kb RNA transcript was seen. In S. aureus, the full-length transcript was seen over the 60 min of the experiment in Fig. 7A , with only minor amounts of smaller degradation fragments. This pattern is different from that found in the Northern blot RNA-DNA hybridization analysis of plasmid R773 ars operon, in which the major transcript is processed to smaller partial transcripts (23) . With the staphylococcal pI258 ars operon expressed from its own promoter in E. coli, apparently the same 2.1-kb transcript was present (Fig. 7B) , although other smaller fragments, were seen. Since the pI258 ars operon confers resistances to arsenate, arsenite, and antimonite in E. coli (Fig.  2G, H, and I) , it had to be transcribed. Scanning of the Northern blot RNA-DNA hybridization patterns showed that the transcript in Fig. 7A was most abundant at 5 min of induction and had decreased to about 60% of the maximum level by 60 min. The half-life for the full-length ars mRNA was estimated as less than 2 min (9) . Maximum amounts of full-length ars transcript and the prominent smaller fragments in E. coli were found after 20 min of induction (Fig.  7B) .
The ars transcript in S. aureus and in E. coli started at the same position (Fig. 8) . The primer extension experiment results were cleaner with RNA from S. aureus (Fig. 8A) , and the major start site was the A at position 256 (Fig. 3) , with less than 10% of the transcripts starting at the adjoining C residue. The start site for the transcript is 8 bp down from the canonical -10 transcriptional start signal marked in Fig.  8 and downstream by 6 bp of the inverted repeat postulated as being a regulatory site. In comparable experiments with the cadA cadmium resistance determinant of pI258, the transcript starts in the middle of the analogous inverted repeat (44) .
DISCUSSION
This report (together with the study by Rosenstein et al. [26] of the very similar ars operon of S. xylosus plasmid pSX267) establishes the basic molecular properties (sequence, protein products, and transcript mapping) of the arsenic-antimony resistance operons of Staphylococcus plasmids. Plasmid pI258 also has operons for mercury resistance (16, 34) and cadmium resistance (22, 44, 45) .
The DNA sequence for the ars operon of S. xylosus plasmid pSX267 contained three ars genes (26) that were identified as arsR, arsB, and arsC by the sequence homologies of their predicted polypeptide products with those of the ars operon of plasmid R773 from E. coli (1, 30) . Both the p1258 and pSX267 ars operons start with arsR, followed immediately by arsB and arsC. There is no analog in either staphylococcal plasmid for the arsA gene of E. coli plasmid R773, which determines the ATPase subunit of the efflux ATPase.
To address the question of whether arsA might be present elsewhere in the ars region, it was important to sequence both upstream and downstream from the ars operon. The two DNA sequences (Fig. 3 in this article and Fig. 2 in reference 26) start in a highly homologous region (only 15 base differences in the first 210 nt). This region has a partial ORF whose predicted amino acid sequence is closely homologous to that of the corrected bin3 product (3, 27) , with only 13 differences in the C-terminal 69 amino acids plus 3 additional amino acids in Bin3 (analysis not shown). The first ars genes, arsR, are of the same length, 318 bp, in both p1258 and pSX267, and they differ in only 46 nucleotides (86% identical), or 14 of 104 amino acids for their predicted gene products.
For both the pSX267 (26) and p1258 ( Fig. 3) sequences, the stop codon of the arsR gene overlaps the arsB gene start codon by 1 nt (TGATG for p1258 and TAATG for pSX267). The arsB genes are also identical in length and highly homologous (97% identical at the amino acid level). The staphylococcal ArsB amino acid sequences are 58% identical with the E. coli R773 ArsB sequence (Fig. 1) , and the hydrophobicity plots of the staphylococcal and R773 proteins are essentially identical (analysis not shown). The arsC genes are also exceedingly similar, with only 9 differences out of 396 nt (98% identical), or seven differences in the 131 amino acids of their predicted gene products. In contrast, the R773 ArsC sequence is only 18% identical to the staphylococcal ArsCs when optimally aligned (analysis not shown). Following the arsC sequences in both cases are inverted repeats plus T-rich stretches as candidates for transcriptional stop sites (Fig. 3) (26) .
The sequences continue to be closely homologous for 85 nt beyond the end of arsC and then abruptly become completely unrelated. Following the end of p1258 arsC by 206 nt, there are two tandem stop codons in the opposite orientation to the ars operon (at positions 2497 to 2502 in Fig. 3 ). These are the termination codons for bin3, which was sequenced from still a third Staphylococcus plasmid, pI9789 (3, 27) . The complete identity of the C-terminal 72 amino acids from the predicted amino acid products of p1258 and pI9789 establishes this as bin3.
Earlier restriction nuclease mapping (19) and the phenotypes of available mutants suggested a clockwise orientation of the ars operon of plasmid p1258: bla operon-bin3-arsRarsB-arsC. The restriction nuclease mapping and the DNA sequence now clearly show that the orientation of the operon is counterclockwise: bla operon-bin3-arsC-arsB-arsR. The evidence for this is as follows. The partial sequence (28, 42) of the EcoRI-B fragment (19) together with the cad operon (22, 44) establishes the clockwise gene order cadA-cadCblaA-blaRJ-blaI-binR-bin3. The DNA sequence of Fig. 3 contains the gene order bin3-arsC-arsB-arsR. The EcoRI site separating fragments EcoRI-A and EcoRI-B (19) is now known to occur within the arsC gene (Fig. 3) .
The results in this report and in Rosenstein et al. (26) establish that ArsR is a regulatory protein that functions as a repressor. This is similar to the situation with ArsR of E. coli plasmid R773 (43) . The starting point of the 2.1-kb ars mRNA is just after the inverted repeat that is a potential operator site for ArsR binding. The staphylococcal arsenic resistance determinant is induced by trivalent and pentavalent oxyanions (AsO27, SbO2-, and AsO43-) and Bi(III) (Fig. 7A and additional data not shown) (30, 31) . The same series of inducers function for plasmid R773 (12, 32) , but only AsO2-and AsO43-induced resistance with the staphylococcal arsB-lux fusion in E. coli (Fig. 6B ). It is difficult to imagine a single small protein of polypeptide length 104 amino acids, which exists in solution as a dimer (9) , interacting specifically with such a diverse range of ions (32) . It is possible that intracellular oxidation or reduction precedes specific ion binding to ArsR. This will be studied subsequently in vitro.
It is very puzzling that neither cloned staphylococcal ars operon contains a gene corresponding to arsA of the E. coli plasmid R773 ars operon. The E. coli arsenic resistance system functions as an oxyanion-translocating ATPase consisting of three polypeptides (12) , with the arsA gene product functioning as the catalytic ATPase subunit. The evidence to date on the staphylococcal system shows energy-dependent efflux (9, 10, 33) but does not establish the nature of the energy source. Our current hypothesis is that the staphylococcal system is dependent upon a separate ATPase subunit encoded by a chromosomal gene that is present in arsenicsensitive S. aureus strains and other bacteria (Fig. 2) . There are problems with this hypothesis. The ArsB proteins are only 58% identical at the amino acid level (for genes that are 50.7% G+C for R773 and only 32.3% G+C for p1258) but appear to function in the same energy-coupling mode in both systems. The question of energy coupling is being addressed by transport assays, which will be reported elsewhere (10) . It is still difficult to imagine the "generic house-brand" ATPase subunit that associates in wild-type sensitive cells with alternative chromosomally determined ATPase systems and that can also associate in the presence of the plasmid resistance determinant with the membrane protein ArsB. The Ars ATPase is not a member of the familiar families of ATPase ion pumps such as F1Fo ATPases and E1E2 ATPases (12, 36, 37) . It has sometimes been considered that the R773 Ars ATPase is an "orphan" enzyme, having no family. However, Kaur and Rosen (12) have argued that it may be the first known member of a new class of ATPases (patriarch of the tribe). Further work on the functioning of the staphylococcal system in E. coli or direct mutational identification of the hypothesized chromosomal arsA analog will be needed to resolve these questions.
What is clear at this time is that arsA is missing from the Staphylococcus system in pI258 (Fig. 3) , in pSX267 (26) , and in plasmid p19789 (3) , in which a partial sequence has shown again the overlap of arsR and arsB. The arsA gene cannot be located in a different position in plasmid pI258 (or in the system of Rosenstein et al. [26] ) because the cloned fragment confers all the phenotypes (resistances and inducibility) of the intact plasmids. Furthermore, for plasmid pI258, recombinase genes have been located at both ends of the ars operon (Fig. 3) 
